the secondary circulation enhanced and uplifted, and the horizontal wind speed in the lower troposphere also 27 increased, resulting in a sharp decrease in the concentration of air pollutants. The strong inversion layer above the 28 atmospheric boundary layer induced by the low-pressure system at 700 hPa thus played a key role in the formation 29 of heavy air pollution during the winter months in this urban agglomeration. This study provides scientific insights 30 for forecasting heavy air pollution in this region of China. 31
Introduction 32
Air quality, especially the occurrence of heavy air pollution events, is not only strongly affected by excessive 33 emission of air pollutants, but is also closely associated with meteorological conditions, including atmospheric 34 circulations, weather systems, structures of atmospheric boundary layer, and the corresponding meteorological reported that the atmosphere was stagnant and that the concentrations of near-ground air pollutants increased 43 significantly in Upper Silesia, Poland during periods with an anticyclonic circulation. By contrast, when a cyclonic 44 circulation prevailed, causing an inflow of fresh air masses from regions with lower levels of pollution, the 45 concentrations of air pollutants decreased. As synoptic-scale high-pressure ridges at 500 hPa transit across Utah, 46 accompanied by warm advection above valleys, the stability of the atmosphere is increased and favors the formation 47 of persistent pools of cold air, resulting in deterioration in air quality (Whiteman et al., 2014) . 48 classified typical synoptic situations and evaluated their contributions to air quality in the Guanzhong Basin, China. 50
They found that an inland high-pressure system at 850 hPa resulted in temperature inversion, low horizontal wind 51 speed and a shallow atmospheric boundary layer, which favor the formation of heavy air pollution. Weather systems 52 have significantly impact on the transport of air pollutants. Luo et al. (2018) reported that the trans-boundary air 53 pollution and the pollutant concentration in Hong Kong increased when a tropical cyclones is approaching. During 54 winter, floating dust particles over northwestern China can be carried downstream to northern China by the 55 prevailing northwesterly winds at 700 hPa, where they mix with anthropogenic pollution to form a regional haze 56 conditions in the lower troposphere that can reflect ventilation should be considered contributing to the atmospheric 143 ventilation should be taken into consideration. To quantitatively evaluate the horizontal dispersion of air pollutants in 144 Sichuan Basin, the mean wind speed (MWS) in the lower troposphere was constructed based on the concept of 145 ventilation coefficient (VC is a product of mixing layer height multiplied by average wind speed through the mixing 146 height). In the eastern plains of China, the ventilation coefficient has been widely used to measure the capability of 147 conditions above the mixing layer should also be considered in Sichuan Basin. To quantitatively evaluate the 149 horizontal dispersion of air pollutants in Sichuan Basin, the mean wind speed (MWS) in the lower troposphere was 150 constructed based on the concept of ventilation coefficient. The mean wind speed (MWS) in the lower troposphere 151 was defined as: 152
where h is the height above the ground at 700 hPa and ) z ( V is the wind speed in the lower troposphere. This can 154 be simplified as follows: 155
where n is the number of vertical layers from the ground surface to 700 hPa isobaric layer (including the 700 hPa 157 isobaric layer, and n is greater than 6 in general),
is the wind speed in a vertical layer (when i=0 represents 158 the wind speed at the ground surface and i=n represents the wind speed at 700 hPa), and were accompanied by a low-pressure system at 700 hPa, and the low-pressure systems in eight events were dry and 166 didn't induce precipitation. This paper explores the impacts of dry low-pressure systems on the eight winter heavy 167 air pollution events (see Table 1 for a summary of these eight events). 168 Table 1 shows that particulate matter was the primary pollutants during these eight heavy air pollution events. 169
Six of the eight events were classified as persistent air pollution events. A "persistent" pollution event was defined 170 by two or more consecutive days with daily PM 10 mean concentration ≥ 250 μg m 
Weather systems and meteorological conditions during heavy air pollution events 180
An analysis of the synoptic conditions showed that the urban agglomeration was affected by low-pressure 181 systems (low vortex or low trough) at 700 hPa during periods of deteriorating air quality in the eight heavy air 182 pollution events (Fig. 2) . These studied areas were all located in front of low-pressure systems (east of low-pressure 183 systems) and were controlled by a southerly warm air flow (Fig. 2) . To explore the differences between these 184 low-pressure systems and the background of winter atmospheric circulation over there, composite anomaliesthe 185 anomalies of wind vectors and geopotential heights at 700 hPa were calculated (Fig. S1) . The calculation method is 186 as follows: the averaged wind vectors and geopotential heights at 700 hPa during periods of deteriorating air quality 187 in the above eight events subtracted from their winter mean values from 1 January 2006 to 31 December 2012 and 188 from 1 January 2014 to 28 February 2017. As illustrated in Fig. S1 , the anomalies of geopotential heights were 189 negative in the northwest of the urban agglomeration during periods of deteriorating air quality in these heavy air 190 pollution events. As a result, this urban agglomeration was located in front of an anomalous cyclone and was 191 controlled by a strong southerly anomaly wind (Fig. S1) . 192
Weather systems can be characterized by their relative vorticity. A positive relative vorticity usually 193 corresponds to a low-pressure system, whereas a negative relative vorticity usually represents a high-pressure system. 194
Thus the relative vorticity at 700 hPa was analyzed during periods of both deteriorating and improving air quality 195 ( Table 2 ). As shown in Table 2 , the relative vorticities at 700 hPa during periods of deteriorating air quality were all 196 positive. This indicated that the study areas were located in front of low-pressure systems at 700 hPa. As a result, a 197 southerly warm air flow dominated at 700 hPa and led to an increase in temperature above the atmospheric boundary 198 layer, which increased atmospheric stability and favored the formation of an air pollution event. During periods of 199 improving air quality, the relative vorticities at 700 hPa of six heavy air pollution events (except for events 6 and 7) 200 were negative, showing that the low-pressure systems had transited across the study areas. These areas were thus 201 controlled by a northerly dry, cold air flow at 700 hPa. As a consequence, the temperature above the atmospheric 202 boundary layer decreased and the stability of the atmosphere weakened, which favored the vertical mixing of air 203
pollutants. 204
To explore the impacts of low-pressure systems on the structure of the atmospheric boundary layer, the 205 boundary layer height during periods of deteriorating and improving air quality were analyzed for each heavy air 206 pollution event (Table 3) . In most of the heavy air pollution events, the height of the boundary layer increased after 207 the low-pressure system had passed across the study area. However, the increase in the height of the boundary layer 208
was not as significant as that seen in Eastern China ( troposphere was proposed and this index, together with the LTS of the eight heavy air pollution events, were further 217 investigated ( Table 3 ). The differences in the potential temperature between 700 hPa and the surface during periods 218
of deteriorating air quality in the eight events were all ≥18.54 K and the maximum value was 29.45 K, indicating that 219 the lower troposphere was very stable. The MWS was ≤4.22 m s −1 for all eight events, with a minimum of 1.91 m s −1 . 220
These results show that the low-pressure systems resulted in the stagnation of air in the lower troposphere. After the 221 low-pressure systems had transited the study area, the lower tropospheric stability significantly decreased, with a 222 maximum decrease in the LTS of up to −11.23 K, and the MWS increased. This showed that the arrival of a dry, cold 223 air flow induced by the transit of the low-pressure system significantly weakened the stability of the lower 224 troposphere and increased the wind speed, improving air quality. 225
In events 6 and 7, however, although the study areas were still located in front of the low-pressure system and 226 the capacity for dispersion had not yet improved, the concentrations of particulate matter began to sharply decrease 227 before the transit of the low-pressure system. Both of these events occurred during the Chinese Spring Festival. After To further explore the mechanism involved in the formation of heavy air pollution events, with a particular 237 emphasis on the effect of low-pressure systems on air quality, a typical event was selected from the eight events 238 described in the preceding section. The variations in air quality and the dynamic and thermodynamic conditions in 239 the lower troposphere of the selected event were analyzed. Additionally, the impacts of Spring Festival excessive 240 emission on heavy air pollution events were also investigated. 241
The influencing mechanism of low-pressure systems on heavy air pollution events 242
Heavy air pollution event 8 occurred from 1 January 2017 to 6 January 2017 (Table 3 ) and the most polluted 243 area was Chengdu. The maximum daily mean concentrations of PM 2.5 and PM 10 occurred on 5 January 2017. The 244 maximum PM 10 daily mean concentration in Chengdu was up to 480 μg m −3 . The concentrations of particulate 245 matter increased sharply (Fig. 3) from 00:00 BST on 3 January 2017 to 00:00 BST on 5 January 2017 and the 246 concentrations of nitrogen dioxide and carbon monoxide also showed an increasing trend. Since 12:00 BST on 5 247 January 2017, the concentrations of particulate matter decreased significantly (Fig. 3) . 248 Fig. 4 shows the weather maps at 700 hPa during event 8. Fig. 4a shows that there was no low-pressure system 249 at 700 hPa over the urban agglomeration at 02:00 BST on 2 January and there was a dry, cold air flow from the 250 northwest. Soon, a As shown in Fig. 4b , a low trough was subsequently generated at 700 hPa on the west side of the 251 urban agglomeration at 14:00 BST on 2 January 2017, which showed the beginning of low-pressure system causing 252 air pollution. This trough later developed and was enhanced, and the lifespan of this low-pressure system was about 253 3 days. The urban agglomeration was still located at the front of the trough and was controlled by a warm, moist air 254 flow from the southwest until 02:00 BST on 5 January 2017 (Fig. 4b and 4c) . The concentrations of particulate 255 matter in the urban agglomeration increased sharply and the air quality deteriorated. The trough developed further 256 and a low vortex was formed, which transited across over the study area at 02:00 BST on 5 January 2017 (Fig. 4d) . 257
The urban agglomeration was then located behind the low vortex and was controlled by a northerly dry, cold air flow 258 (Fig. 4d) , which illustrated the meteorological conditions in the end of air pollution event. As a result, the air 259 pollutants were rapidly dispersed. 260
The west-east vertical cross-sections of the 24-hour change in temperature and wind vectors (u and w) in the 261 most polluted area (30.75° N) (Fig. 5) and the vertical profiles of temperature and horizontal wind speed (Fig. 6)  262 were analyzed to investigate the effects of the low-pressure system on the dynamic and thermodynamic dispersion of 263 air pollutants in the lower troposphere. 264 Fig.4b and 4c shows that the urban agglomeration was located in front of the low-pressure system and was 265 controlled by a southerly warm air flow. There was a descending motion between the top of the boundary layer and 266 500 hPa (Fig. 5a and 5b) . Under the effects of warm advection and descending motion, a warming center appeared 267 between 800 and 650 hPa (Fig. 5a-c) and the maximum increase in the 24-hour temperature was up to 10°C (Fig.  268   6a) . Weak cooling occurred below 800 hPa, a strong temperature inversion appeared between 775 and 650 hPa (Fig.  269   6a) , and the stability of the lower troposphere increased. The urban agglomeration was dominated by the 270 low-pressure system for a long time and a long-lasting strong temperature inversion was therefore induced and 271 maintained above the boundary layer. This was different from the temperature inversion that is often seen within the 272 pollutants. This lid effect restrained vertical mixing in the atmosphere and the local secondary circulation was 275 therefore confined in the boundary layer, with its center located at about 850 hPa (Fig. 5a-c) . The horizontal wind 276 speed below 800 hPa was 2 m s −1 (Fig. 6b) . These results indicate that vertical mixing and horizontal dispersion 277 were weak, causing accumulation of air pollutants at the ground level. The concentrations of particulate matter then 278 sharply increased to their peak value (Fig. 3) , generating a heavy air pollution event. 279
A low vortex and trough at 700 hPa transited across the urban agglomeration and a northwestly dry, cold air 280 flow prevailed (Fig. 4d) . Under the influence of the cold air flow, a cooling center appeared between 800 and 650 281 hPa (Fig. 5d) , whereas the air temperature increased below 800 hPa (Fig. 5d) . As a result, the stability in the lower 282 troposphere was weakened and the strong inversion layer gradually disappeared (Fig. 6a) . The lid effect above the 283 boundary layer also disappeared, resulting in an increase in the local secondary circulation, the center of which was 284 uplifted to 700 hPa (Fig. 5d) . The horizontal wind speed below 800 hPa also increased (Fig. 6b) . The air pollutants 285 were able to disperse over a larger space and the vertical mixing and horizontal dispersion were significantly 286 improved. The air quality improved and the heavy air pollution event ended. 287
To verify whether the mechanism involved in the formation of event 8 is used for the others heavy air pollution 288 events, the vertical profiles of temperature and horizontal wind speed in events 1-7 (Fig. 7) were explored during the 289 periods of both the low-pressure system controlling and transited over this urban agglomeration. Similar to the event 290 8, a strong temperature inversion appeared over the study area between 800 and 650 hPa (Fig. 7a) when the urban 291 agglomeration was located in the front of low-pressure system and was controlled by a southerly warm air flow at 292 700 hPa. Meanwhile, the horizontal wind speed was low below 800 hPa; the wind speed at all levels below 850 hPa 293 was 2 m s −1 (Fig. 7c) . After the low-pressure system had transited across the urban agglomeration, the strong 294 inversion layer above the boundary layer gradually disappeared (Fig. 7b) , and the horizontal wind speed in the lower 295 troposphere increased (Fig. 7d) . Therefore, the influencing mechanism of low-pressure system on heavy air pollution 296 events is common in this urban agglomeration. 297
Additionally, composite anomaliesthe anomalies of west-to-east vertical cross-section of 24-hour temperature 298 change and wind vectors (synthesized by u and w) (Fig. S2) , and the anomalies of temperature vertical profiles (Fig.  299 S3) were also analyzed to further investigate the influencing mechanism of low-pressure system on heavy air 300 pollution events. Fig. S2 shows that anomalous warming appeared above the atmospheric boundary layer, while 301 anomalous cooling was observed within the boundary layer when the urban agglomeration was located in front of 302 low-pressure system and was controlled by a southerly warm air flow at 700 hPa. This vertical structure of the 303 anomalies of 24-hour temperature change (Fig. S2) led to an increase in the stability of the lower troposphere. As 304 illustrated in Fig. S3 , the positive anomalies of temperature between 1500 m and 3000 m above the ground level 305 increased significantly with height. The maximum value of positive anomalies appeared at about 3000 m and was up 306 to 9 °C. These features revealed that a strong temperature inversion existed above the boundary layer and suppressed 307 the vertical exchange of atmosphere. As a result, the anomalous secondary circulation was also confined in the 308 boundary layer, with its center located at about 925 hPa (Fig. S2) . These results of anomalies analysis were 309 consistent with the above analysis for real-time data, and further proved that the influencing mechanism of 310 low-pressure system on heavy air pollution events is credible. 311 From Fig.6 and Fig.7 , we also found some interesting features that the effects characterized by the weak effects 312 of the transit of low-pressure systems at 700 hPa on the meteorological factors within the boundary layer were weak. 313
These features may be related to its deep mountain-basin topography (Fig. 1) . Under the effects of the deep 314 mountain-basin topography, wind speed in the boundary layer is often low and with small change magnitudes less 315 low-pressure systems is usually difficult to reach in the ground layer faster (Fig. 5) . As a result, the increase 317 magnitudes of wind speed (Fig. 6b, Fig. 7 c and 7d) and the change magnitudes of temperature the degree of change 318 in temperature (Fig. 6a, Fig. 7a and 7b) were very small in the boundary layer after the low-pressure system at 700 319 hPa passed. Especially for events 3 and 4, the wind speed decreased and a temperature inversion formed in the 320 boundary layer. These characteristics of the wind and temperature profiles in the boundary layer were the key factors 321 leading to the evolution of boundary layer height as shown in Table 3 . 322 Table 1 shows that events 6 and 7 occurred during the Chinese Spring Festival when the concentration of 324 particulate matter increased sharply. Low concentrations of gaseous pollutants were found throughout these two 325 events, however, which may be related to a reduction in production or the shut-down of factories, as well as lower 326 numbers of vehicles during the week-long Spring Festival (Liao et al., 2017) It's noteworthy that the emission of air pollutants increased sharply during this period of deteriorating air 331 quality for events 6 and 7 due to the centralized letting-off of fireworks during the Chinese Spring Festival. What's 332 more, under the effects of low-pressure system, the strong temperature inversion appeared above the atmospheric 333 boundary layer (Fig. 7a) and the horizontal wind speed was low below 800 hPa (Fig. 7c) . The combination of 334 excessive emissions with poor dispersion conditions resulted in the maximum daily concentrations of PM 10 occurring 335 on the Chinese New Year Day ( Table 1) . The maximum daily mean PM 10 concentration of eight heavy air pollution 336 events occurred in event 7 and was up to 562 μg m −3 (Table 1) . This shows that the excessive emissions during the 337 short Chinese Spring Festival were able to increase the peak concentrations of particulate matter. Thus, the 338 centralized letting-off of fireworks in the Chinese Spring Festival combined with the impacts of low-pressure system 339 were the main causes of these two events in this region of China. 340
Impacts of Spring Festival excessive emission on heavy air pollution events 323
Unlike in the normal heavy air pollution events, the concentrations of particulate matter began to decrease 341 sharply in event 6 and 7 before the low-pressure system transited over the urban agglomeration (Fig. 8a and 8b) , 342 when the strong temperature inversion was still present above the atmospheric boundary layer (Fig. 10) , the local 343 secondary circulation was still confined in the atmospheric boundary layer (Fig. 9a and 9b) and the capacity for 344 dispersion has not yet improved significantly (Table 3) . To explore the causes of the sharp decrease in PM 10 345 concentration for these two events, the effects of fireworks on air quality in Chengdu during Chinese New Year 346 (CNY) from 2013 to 2017 have been investigated. As illustrated in Fig. S4 , it is a common phenomenon that PM 10 347 concentrations decreased sharply after the letting-off of fireworks stopped during CNY. During 5 days after the 348 letting-off of fireworks stopped, production was reduced, factories were shut-down and the numbers of vehicles were 349 lower due to the week-long holiday of CNY (Liao et al., 2017) . As a result, the maximum decrease in the magnitude 350 of PM 10 concentration was more than 220 μg m -3 and occurred at night from 00:00 BST to 06:00 BST (Fig. S5)  351 which corresponded to the period of the centralized letting-off of fireworks on the Eve of CNY. Based on the above 352 analysis results, we concluded that the sharp decreases in PM 10 concentration for events 6 and 7 were mainly (http://www.zhb.gov.cn/gkml/hbb/qt/201702/t20170201_395336.htm). It is a common phenomenon that PM 10 360 concentrations decreased sharply after the letting-off of fireworks stopped during CNY. Additionally, the diurnal 361 variations of the differences of averaged PM 10 concentration in Chengdu between during in the periods of the 362 letting-off of fireworks in CNY (defined as the period from 12:00 BST on the Eve of CNY to 12:00 BST on 1 Lunar 363 January) and 5 days before the letting-off fireworks, and between during 5 days after the letting-off of fireworks in 364 CNY and in the periods of the letting-off of fireworks from 2013 to 2017 have been also analyzed (Fig. S5) to 365 evaluate the effects of excessive emission about fireworks on air quality in a better way. The letting-off of fireworks 366 during CNY was observed to have a significant effect on the air quality in Chengdu. Especially during 5 days after 367 the letting-off of fireworks stopped, production was reduced, factories were shut-down and the numbers of vehicles 368 were lower due to the week-long holiday of CNY (Liao et al., 2017) . As a result, the maximum decrease in the 369 magnitude of PM 10 concentration was more than 220 μg m -3 and occurred at night from 00:00 BST to 06:00 BST 370 (Fig. S5) which corresponded to the period of the centralized letting-off of fireworks. Based on the above analysis 371 results, we concluded that the sharp decreases in PM 10 concentration for events 6 and 7 were mainly attributable to 372 the significant reduction in emissions induced by the letting-off of fireworks stopped and the week-long holiday of 373 CNY. This indicated that these two events were strongly dependent on emissions. 374
Conclusions and discussions 375
We investigated the relationships between low-pressure systems and winter heavy air pollution events in the 376 urban agglomeration of Chengdu, Deyang, and Mianyang in the northwest Sichuan Basin and explored the influence 377 of dry and cold low-pressure systems on winter air quality. 378
A total of ten heavy winter air pollution events occurred in the urban agglomeration from 1 January 2006 to 31 379 December 2012 and from 1 January 2014 to 28 February 2017. The meteorological causes of eight of these air 380 pollution events were attributed to dry low-pressure systems (trough and low vortex) at 700 hPa. The schematic 381 diagram in Fig. 11 shows that a strong temperature inversion appeared above the atmospheric boundary layer 382 because the urban agglomeration was located in front of low-pressure system at 700 hPa and was controlled by a 383 warm southerly air flow. This strong inversion layer acted as a lid over the boundary layer and suppressed the 384 dispersion of air pollutants, confining the local secondary circulation within the atmospheric boundary layer. The 385 horizontal wind speed in the lower troposphere was low. As a result, the space available for the vertical and 386 horizontal dispersion of air pollutants was small. The concentrations of air pollutants increased to their peak values, 387 resulting in heavy air pollution events. 388
After the low-pressure system had transited across the urban agglomeration, the strong inversion layer above the 389 boundary layer gradually disappeared, resulting in an increase and uplift of the secondary circulation and an increase 390 in the horizontal wind speed in the lower troposphere. The space available for the vertical and horizontal dispersion 391 of air pollutants increased and the concentrations of air pollutants decreased sharply, ending the heavy air pollution 392 event. The centralized letting-off of fireworks during the Chinese Spring Festival was one of the main causes of the 393 heavy air pollution events in this region of China. 394
The urban agglomeration studied here, which is flanked by the eastern slopes of the Tibetan Plateau, is sensitive 395 to low-pressure systems moving east from the plateau (Feng et al., 2016) . The complex terrain forms local 396 secondary circulations, which have a significant impact on air quality ( 
